We evaluated the prognostic impact of chromosomal abnormalities as detected by interphase fluorescence in situ hybridization (iFISH) in 86 chronic lymphocytic leukemia (CLL) patients. Overall, 39 of 86 (45%) patients displayed one (35%) or more (10%) chromosomal abnormalities, del13q (31%) being more frequently detected than trisomy 12 (19%) followed by del11q (17%), del17p (6%) and del6q (5%). Significant differences in the treatment free intervals (TFIs) were observed among individual cytogenetic subgroups (p=0.027) with the shortest mean TFIs in subgroups with del17p, del11q and trisomy 12 (10, 12 and 14 months, respectively) as compared to subgroups with normal cytogenetics (38 months) and del13q (68 months). Poor response to therapy was observed in subgroups with del11q (p=0.044) and trisomy 12 (p=0.047) while patients with normal cytogenetics had good response (p=0.003). Furthermore, del17p and del11q were associated with highest tumor burden and disease activity as reflected by corresponding laboratory data.
Chronic lymphocytic leukemia (CLL) is the most frequent adult leukemia in the Western world accounting for approximately 30% of all leukemias [1] . It is characterized by a highly variable clinical course. In some patients, almost asymptomatic course without treatment necessity and survival up to two decades is present. In others, rapid progression and resistance to standard treatment with short survival is observed.
For decades, clinical staging systems developed by Rai and Binet [2, 3] have remained the keystones for clinical decision-making. However, these clinical staging systems alone are not sufficient to estimate the individual prognosis reliably, particularly in patients with the early-stage disease [4] . Therefore, in efforts to assess the prognosis of patients with CLL more accurately, a number of prognostic factors have been identified. These include clinical characteristics (age, gender, performance status) and laboratory parameters reflecting the tumor burden or disease activity (lymphocyte count, level of lactate dehydrogenase, bone marrow infiltration pattern or lymphocyte doubling time). Recently, more informative biological parameters have been determined, such as soluble CD23, β-2-microglobulin, thymidine kinase, the mutation status of the variable segments of the immunoglobulin heavy chain genes (IgVH) or surrogate markers for these factors (CD38, ZAP-70) and most importantly, recurrent chromosomal abnormalities [5] .
By conventional cytogenetic analysis, clonal chromosomal abnormalities were detected in only 40 to 50 % of cases, the most common being trisomy 12 and abnormalities of chromosome bands 13q14 and 14q32 [6] . When interphase fluorescence in situ hybridization (iFISH) was used, abnormalities were observed in up to 80% of the patients; the most common gene defects detected by this method were deletions involving chromosome bands 13q14, 11q22.3-q23.1 and 17p13 as well as trisomy 12 [7] [8] [9] [10] .
Deletion of the TP53 gene which is encoded at 17p13 has been shown to be associated with resistance to treatment and represents an independent marker for poor survival [7] . Deletion of 11q has been associated with extensive nodal involvement, rapid disease progression, and short survival times [11, 12] . In contrast, sole abnormalities of chromosome 13q14 have been linked to a more favorable clinical outcome [7, 13] .
Very recently, incidence of 6q deletion and its clinical impact have been studied in CLL. Deletion of 6q is a rare abnormality detected in 3-6% of patients and represents a distinct cytogenetic and clinicobiological entity with intermediate prognosis [14, 15] .
In the present study, we have used iFISH to assess the incidence of the most frequent chromosomal abnormalities, del13q, trisomy 12, del11q, del17p and del6q in a group of 86 CLL patients. Furthermore, the obtained cytogenetic findings were correlated with patients´ clinical and laboratory data to identify differences among individual cytogenetic subgroups as defined by the presence or absence of the above chromosomal abnormalities. Duration of the treatment-free intervals (TFIs) in individual genetic subgroups was also analyzed in order to establish whether chromosomal abnormalities can provide an independent prognostic information about the risk of progression in untreated CLL patients.
Patients and methods
Patients. Eighty-six consecutive CLL patients (53 males and 33 females with a mean age of 65 ± 9 years; range: 39-95 years) were included in this study. Diagnosis of CLL was established according to the WHO criteria [16] . Complete clinical and laboratory data including Rai clinical stage were available in 75of 86 patients. At diagnosis, 8 (9%) patients had stage 0; 19 (22%) stage I; 30 (35%) stage II; 9 (11%) stage III; and 9 (11%) stage IV. In 11 patients (13%), the clinical stage status was not known. The mean time of follow-up was 52 ± 39 months (range 5-147). Four CLL-related deaths were observed during the study period with the overall survival of 33 ± 51 months.
Interphase fluorescence in situ hybridization. Single cell supensions of mononuclear cells were obtained from EDTAanticoagulated peripheral blood or bone marrow samples by Ficoll-Urographin (Sigma, Schering; Germany) density centrifugation. Interphase FISH studies were performed on slides containing cells fixed in methanol/acetic (3:1, vol/vol) solution and stored at -20°C. Analysis of trisomy 12, del17p, and del13q was performed by iFISH using the following DNA probes purchased from Vysis (USA): CEP12 DNA probe conjugated with spectrum orange (SO), LSI p53 conjugated with SO and LSI 13/RB1 conjugated with SO, respectively. For analysis of del11q and del6q the following DNA probes purchased from Kreatech (NL) were used: ON ATM (11q22)/SE 11 conjugated with spectrum red (SR)/spectrum green (SG) and ON 6q21/ SE 6 conjugated with SR/SG, respectively. Denaturation and hybridization steps were performed using a ThermoBRITE hybridizer (Vysis-Abbott, USA).
Briefly, slides were pre-treated with 0,005% pepsin in 0,01 M HCl for 10 min. at 37°C with subsequent washing in 1 x PBS (2 x 5 min). Then, fixation was performed in 1xPBS/20mM MgCl 2 /1% formaldehyde for 10 min. at room temperature (RT). After double washing in 1 x PBS, the slides were dehydrated in an alcohol series (70%, 90%, 100%) and air-dried at RT. The poor response -patients with early relapse or progression. Response to first line therapy was assessed. NS -not significant, NA -not assessed probes were applied and the slides were denaturated at 75°C for 6 min. and hybridized overnight at 37°C. Post-hybridization washing was carried out in 50% formamide pH 7.0, for 5 min. and 2xSSC for 2 min. (both at 46°C). Subsequently, the slides were counterstained with DAPI and the number of hybridization spots and their distribution in the nuclei were evaluated using a BX60 fluorescence microscope (Olympus, Germany) equipped with a 100X oil objective. For each slide, the number of hybridization spots per nucleus was counted in at least 200 nuclei; only spots with a similar size, intensity, and shape were counted. Frequencies of positive nuclei in individual slides ranged from 12-97% in del13q, 8-70% in trisomy 12, 10-90% in del11q, 12-90% in del17p and 24-80% in del6q. Statistical analysis. The χ 2 test was used to assess associations between categorical variables, while continuous variables were analyzed using the Mann-Whitney or Kruskal-Wallis tests. All tests were two-sided. Treatment-free intervals (TFIs) were estimated by the Kaplan-Meier method. The survival curves were statistically compared by the log-rank (MantelCox) test. The statistical significance was considered to be present once the p-value was ≤0.05. The statistical analyses were performed by means of the SPSS 17.0 software package (SPSS, USA).
Results

FISH analysis.
Of 86 patients studied by iFISH, chromosomal abnormalities were detected in 39 (45%) patients: 30 (77%) patients had one abnormality and 9 (23%) patients had two or more abnormalities (2 abnormalities in 7 patients, 3 abnormalities in 2 patients).
Deletion of 13q was found in 17 out of 55 (31%) analyzed cases, trisomy 12 in 11 out of 58 (19%), 11q deletion in 14 out of 81 (17%) cases, 17p deletion in 5 out of 79 (6%) and 6q deletion in 3 out of 67 (5%) patients.
Deletion of 13q was detected as a sole abnormality in 11/17 (65%) patients. In the remaining 6 patients, combinations with the following abnormalities were observed: 11q deletion (2 patients), trisomy 12 (2 patients), 17p deletion (1 patient) and a triple combination of 13q deletion/trisomy12/17p deletion in one patient. Partial biallelic deletion of 13q was detected in 4 out of 17 (24%) cases and it was present only in those patients who displayed deletion of 13q as a sole abnormality.
Among 11 patients with trisomy 12, five (46%) had a single abnormality whereas 6 (54%) had multiple abnormalities. Combinations with 13q deletion (2 patients), 11q deletion (2 patients) as well as combinations of 13q deletion/trisomy12/ 17p deletion (1 patient) and trisomy 12/11q deletion/6q deletion (1 patient) were also detected.
Deletion of 11q was a sole abnormality in 9/14 (64%) patients while in the remaining 5 patients combinations with 13q deletion, trisomy 12 and a triple combination of trisomy 12/11q deletion/6q deletion were observed (all already mentioned above).
In 3 of 5 patients, deletion 17p was found as a sole abnormality, in one patient it was combined with 13q deletion and in one a 13q deletion/trisomy12/17p deletion combination was present.
Of 3 cases with 6q deletion, two had a single abnormality and one had trisomy 12/11q deletion/6q deletion combination.
Correlation with clinical and laboratory data. When the distribution of chromosomal aberrations in relation to Rai stages at the time of diagnosis was analyzed, there was found a significant accumulation of cases with del17p in the advanced Rai stages (p=0.004). In contrast, normal iFISH results were associated with the early stages of the disease (p=0.046). No significant differences were observed in the distribution of del13q as a sole abnormality, del11q, and trisomy 12. Because of low number of patients, statistical analysis was not executable in cases with del6q. A significant association was also observed between the number of cytogenetic abnormalities and Rai stages (p=0.039) ( Table 2) with accumulation of abnormalities in the advanced stages; all patients with multiple abnormalities had intermediate or advanced Rai stages (II.-IV.) of the disease. There were no significant differences in distribution of abnormalities in relation to patients´ gender or age.
The clinical data about treatment were available in 70 patients. Fifty (71.4%) of them required therapy; fludarabinebased regimens were administered in 25 patients, chlorambucil or chlorambucil/prednisone in 19 patients, and combina- Table 2 . The incidence of chromosomal abnormalities in CLL patients as detected by iFISH.
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Dohner et al. [7] Sindelarova et al. [9] Durak et al. [12] Bullinger et al. 17] Stilgenbauer et al. [18] Dewald et al. [19] Glassman et al. [20] Present study No. of patients  325  217  79  258  139  113  100  86  del13q  55%  54%  33%  62%  51%  64%  40%  31%  del11q  18%  12%  5%  11%  25%  15%  23%  17%  trisomy 12  16%  16%  15%  10%  12%  25%  11%  19%  del17p  7%  16%  8%  6%  3%  8%  12%  6%  Normal  18%  30%  49%  22%  19%  23%  36%  55%  Total  abnormalities  82%  70%  51%  78%  81%  77%  64%  45% tion chemotherapy CVP (cyclophosphamide, vincristine, prednisolone) or R-CHOP (rituximab, cyclophosphamide, doxorubicine, vincristine, prednisolone) in the remaining 6 patients. The time to progression as indicated by the treatment-free interval (TFI) was estimated using the Kaplan-Meier method (Graph 1). Overall, significant differences (p=0.027) among curves were found by the log-rank (Mantel-Cox) test. The mean duration of TFI was 23 ± 30 months. The shortest time from the date of diagnosis to the date of first treatment was observed in groups with 17p and 11q deletions (10 and 12 months, respectively). Thirteen of 14 patients (92%) in these groups eventually required therapy. The mean TFI interval in patients with trisomy 12 was 14 months. The longest mean TFIs were observed in patients with normal cytogenetics (38 months) and 13q deletion (68 months). What is more, over one third of patients in these groups did not require therapy at all. When the response to treatment was assessed (complete/ partial remission or stable disease versus early relapse or progression) the best response rate was observed in patients without any abnormality (p=0.003), all of them achieving complete/partial remission or stable disease. In contrast, the probability of achieving complete/partial remission or stable disease was significantly lower in patients with trisomy 12 and deletion of 11q (p=0.047 and p=0.044, respectively). In the group with 17p deletion, the clinical data about therapy were available only in 3 patients; one of them is currently receiving first line therapy while in the remaining 2 patients, the resistance to fludarabine-based regimens was observed (statistical analysis not performed).
Due to the short time of follow-up and a small number of patients, statistical analysis of overall survival in correlation to FISH abnormalities could not be performed.
In addition to the shortest TFI, the group of patients with 17p deletion manifested with several distinct laboratory and clinical features, namely higher leukocyte (p=0.015) and lymphocyte (p=0.016) counts, lower hemoglobin levels (p=0.016), lower platelet counts (p=0.019) and higher β-2-microglobulin levels (p=0.049); a tendency to higher thymidine kinase (TK) levels was also observed (p=0.081). The group with deletion of 11q was characterized by significantly higher levels of TK (p=0.036), higher degree of bone marrow infiltration (p=0.031) and by larger lymph node diameter measured (p=0.013); though not significant, higher leukocyte and lymphocyte counts were also present (p=0.061 and 0.083, respectively). On the other hand, significantly smaller lymph node diameter (p=0.004) and lower leukocyte counts (p=0.025) were observed in patients with normal iFISH findings.
Discussion
We evaluated the incidence of the most common chromosomal abnormalities, 13q deletion, trisomy 12, 11q deletion and 17p deletion, together with one of the less frequently studied abnormalities, deletion of 6q, by using interphase fluorescence in situ hybridization in CLL patients. In our group of 86 patients, the total frequency of abnormalities was 45%, which is slightly lower when compared to 51-82% detected in previous studies (Table 2 ). Potential parameters that may have influenced the overall frequencies of chromosomal abnormalities include the scale of chromosomal abnormalities studied, molecular cytogenetic method [9] , as well as the composition of the group of patients (clinical stage, disease progression, treatment history) [21] .
The most frequent abnormality was deletion of 13q found in 17/55 (31%) of cases while the incidence in previous reports ranged from 33 to 62% (Table 2 ). Deletion of 13q was a sole abnormality in 11/17 (65%); similar frequencies (66-75%) have been observed before [7-10, 12, 17-20] . Frequencies of trisomy 12, del11q and del17p in the present study are in a range established by iFISH in previous studies as reviewed in Tab. 2. In the present study, deletion of 6q was detected in 5% of papients as as compared to 3-6% reported before [14, 15] .
Biallelic 13q deletion has been reported in previous studies in the range of 9 to 17% of total cases with 13q deletion [23] [24] as compared to 24% in our study. It has been suggested that biallelic del13q represents a more aggressive chromosomal abnormality than monoallelic deletion and is associated with an inferior progression free survival and a more frequent need of treatment [24, 25] .
In accordance with other studies [7, 9] , combinations of different chromosomal abnormalities were also detected. In the present study, the chromosomal abnormalities that were most frequently combined with other abnormalities were trisomy 12 and 13q deletion (55% and 35%, respectively), a finding comparable to the data published by Sindelarova et al. [9] (46% and 38%, respectively). This suggests that CLL is a genetically unstable disease and clonal evolution is common in B-CLL patients [25] [26] [27] .
We also observed differences in the distribution of abnormalities among individual Rai stages with higher frequency of del17p in the advanced stages and normal cytogenetics in the early stages of the disease. This is congruent with the findings previously reported by Döhner et al. [7] . In addition, more advanced disease stages were characterized by an accumulation of several abnormalities, as observed in both the present and a previous study by Durak et al. [12] .
Furthermore, we observed significant differences in TFI duration among different cytogenetic subgroups. The shortest mean TFIs were observed in groups with deletions of 17p and 11q, and trisomy 12 (10, 12 and 14 months, respectively) as compared to long TFIs in groups with normal FISH findings or 13q deletion as a sole abnormality (38 and 68 months, respectively). Similar results have been observed before [7, 28] with the exception of trisomy 12 in which intermediate TFI would be expected. We have therefore analyzed the composition of our group of patients with trisomy 12, but no significant differences in sex, age or clinical stage were found between these and other patients in the present study. Moreover, in patients with deletions of 17p and 11q, the need of therapy was higher (92% patients treated) than in groups with normal cytogenetic findings or 13q deletion in which over one third of patients did not require therapy during the whole follow-up period.
The existence of associations between chromosomal abnormalities and the response to fludarabine-based regimens has been demonstrated before. The deletion of TP53 has been shown to be associated with resistance to treatment with alkylators, fludarabine and rituximab in a number of clinical studies [29] [30] [31] [32] [33] . In our group of patients, the data concerning response to therapy were available only in two patients with 17p deletion, both of them being resistant to treatment. Furthermore, a poor response to therapy was found in patients with 11q deletion and trisomy 12 in our study. In contrast, all patients having normal iFISH findings achieved complete or partial remission. Surprisingly, the response rate was not positively affected by the presence of 13q deletion, although this group is otherwise characterized by longer TFI and OS [7] . This indicates that better prognosis in this group might be influenced by other clinical and biological features.
In the present study, patients with 11q deletion exhibited extensive bone marrow infiltration and lymphadenopathy, as reported previously [7, 34] .
In summary, we have identified significant differences in clinical and biological characteristics and outcome among different genetic subgroups of CLL patients defined by chromosomal abnormalities as detected by iFISH. Patients with deletion of 13q were characterized by stable disease with the longest TFI. Normal genetic findings by iFISH predicted for intermediate TFI, low tumor burden and a very good response to standard treatment. In contrast, rapid disease progression and poor response to treatment were observed in patients with trisomy 12, deletion of 11q and deletion of 17p. Additionally, deletion of 17p was associated with the highest tumor burden and disease activity as reflected by the advanced clinical stages and corresponding laboratory data. Overall, the present study confirms a high prognostic impact of chromosomal abnormalities as detected by iFISH in predicting prognosis and response to therapy in CLL patients what may enable more reliable decisions for clinical management.
